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AB&TWICT 


tie  response  of  a  typical  field  army  electrical  power 
system  to  the  electrrxiagnetlc  pulse  was  measured  at  sufficient 
distance  from  ground  zero  to  prevent  damage  from  blast  and 
thermal  effecLb.  Twenty  channels  of  a  recording  oscillograph 


were  used  to  monitor  selected  variables  from  -Mimw  15  seconds 
to  paMB^5  seconds  and  to  provide  fiducial  Indlcatluuu. 

From  analysis  of  the  data,  It  was  determined  that  the 
electrical  power  system  was  shut  down  by  a  combination  of 
effects  such  as  prompt  radiation  and  effects  of  the  electro  • 
magnetic  pulse.  A  falliire  mechanism  theory  was  postulated. 
Laboratory  Investigation  verified  the  basic  theory.  Further 
laboratory  Investigation,  analog  computer  analysis,  and 
transient  circuit  analysis  were  conducted  to  determine  the 
characteristics  of  the  current  pulse  introduced  by  the  power 
cable  necessary  lo  result  In  the  failure  mechanism.  If 
Induced  currents  In  the  distribution  cable  were  the  only 
caxise  of  power  system  shutdown,  a  current  pulse  of  approxi¬ 
mately  337^  amp«B«s  maximum  would  be  required.  -The  results- 
of  this  experiment  will  be  applied  to  a  relatei\Nuclear 
Weapotis  Bffecta  Research  program  at  U.S.  Army  Ei^neer  Research 
and  Development  Laboratories  (USAERDL). 


5-6 

CONFIDENTIAL 


CONTENTS 


ABSTRACT . 5 

CHAPTER  1  INTRODUCTION - - - .  9 

1.1  Objective -  9 

1.2  Background -  9 

1.2.1  Army  Requirements -  9 

1.2.2  Results  from  Previous  Projects -  10 

1.3  Theory - 11 

CHAPTER  2  PROCEDURE .  18 

2.1  Operations  - -  18 

2.2  Instrumentation -  -  18 

2.2.1  Equipment -  18 

2.2.2  Calibration -  24 

2.2.3  Method  of  Installation  and  Recovery - 25 

CHAPTER  3  RESULTS . .  36 

3.1  Data  Presentation - 36 

3.2  D'.  ijiu  '  ion  of  Data - 37 

CHAPTER  4  CONCLUSIONS . - . - .  48 

APPENDIX  ANALYTICAL  AND  ANALOG  COMPUTER  DEVELOP¬ 
MENTS  FOR  CURRENT  PULSE  CHARACTERISTICS  ----  49 

REFERENCES .  55 

TABLES 

2.1  Operational  Seq^’cnce -  27 

3.1  Summary  of  OscillogTM’.n  Variables  and  Calibration  Data -  43 

FIGURES 

1.1  Block  diagram  representation  of  project -  16 

1.2  Spherical  coordinate  system -  16 

7 

CONFIDENTIAL 


1.3  Polar  coordinate  system -  17 

2.1  Project  layout -  28 

2.2  Resistive  and  reactive  load  bank -  29 

2.3  Instrumentation  and  power  generation  facility -  29 

2.4  Power  generation  unit  and  associated  Instrumentation -  30 

2.5  Engine-generator-set  schematic  diagram -  31 

2.6  Instrumentatior  system  block  diagram -  32 

2.7  Control  relay  s  lematic  diagram -  33 

2.8  Instrumentation  package -  34 

2.9  Instrumentation  station -  -  35 

3.1  Oscillogram  of  predetonation  steady-state  performance -  44 

3.2  Schematic  diagram  for  laboratory  investigation  of 

relay  response  to  circuit  Interruption -  45 

3.3  Schematic  diagram  for  pulse  testing  of  control  circuitry -  46 

3.4  Typical  waveforms  for  v(t)  obtained  during  laboratory  tests-  -  46 

3.5  Equivalent  circuit  for  analog  computer  analysis  and 

transient  circuit  analyses -  47 

3.6  Solution  for  l(t)  as  determined  by  analog  computer  and 

transient  analyses  - - 47 

A.l  Flow  chart  for  analog  computer  solution  for  l(t)  - - 54 


8 

CONFIDENTIAL 


CONFIDENTIAL 


CHAFTER  1 
INTRODUCTION 


1.1  OBJECTIVE 

The  objective  of  this  projeci,  \reis  to  determine  the  degree 
of  protection  necessary  to  result  in  field  army  electrical 
pover  systems  that  will  remain  within  performance  tolerances 
when  subjected  to  the  electrcmagnetlc  effects  of  nuclear 
de+onations  when  located  at  sufficient  distances  from  the 
detonation  point  to  assure  little  or  no  physical  damage  to 
the  electrical  power  system  due  to  blast  and  thermal  effects. 

1.2  BACKGROUND 

1.2.1.  Army  Requirements.  Tlie  Electrical  Power  Branch  of 
the  Engineer  Reseeirch  and  Development  Laboratories  (ERDL)  is 
engaged  in  research  and  development  of  electrical  power  genera¬ 
tion  equipment  for  the  US  Army.  Contemporary  power  generation 
equipment  Includes  gasoline -engine -driven  generator  sets  rated 
from  0.15  to  10  kw,  diesel-engine-driven  generator  sets  rated 
from  15  to  150  kw,  euid  special  purpose  gasoline -engine -driven, 
dlesel-englno-driven,  and  gas  turbine  generator  sets  of  various 
rat  .'Jigs  for  use  as  ground  support  equipment  in  mobile  missile 
systems.  A  typical  field  army  electrical  power  system  consists 
of  a  power  generation  device,  distribution  cables,  and  electri¬ 
cal  loads. 

Field  army  electrical  power  systems  are  extremely  vulnerable 
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to  the  electromagnetic  pulae  rrom  a  nuclear  detonation  because 


the  distribution  cnblec  act  as  excellent  antennaa  for  the  very 
high-amplitude,  low-frequency  fields  generated  by  the  detonation. 
The  military  situation  of  primary  interest  is  that  In  which  a 
nuclear  detonation  has  occxirred  at  sufficient  distance  from  a 
missile  support  complex,  of  which  the  field  army  electrical  power 
system  is  a  component,  to  assure  little  or  no  physical  damage  to 
the  complex.  Considering  the  peak  magnitudes  of  the  electric 
and  magnetic  flelr..  at  distances  from  the  detonation  point 
commensurate  with  the  abo/e  military  sicuatlon,  It  is  hi^ly 
feasible  that  the  electrical  power  system  will  become  inoperable 
at  the  time  \rtien  most  needed  for  retaliatory  purposes,  if  no 
more  than  ordlnSrj  d,esig-  methods  are  used  in  the  interconnecting 
power  distribution  cables.  It  is  considered  necessary  to  investi¬ 
gate  the  response  of  a  field  army  electrical  power  system  to  the 
excitation  of  the  electromagnetic  pulse  from  a  nuclear  detonation 
in  order  to  detemine  the  degree  of  protection  necessary  to 
result  in  satisfactory  system  operation  in  this  electromagnetic 
environment . 

1.2.2  Results  from  Previous  Projects.  The  electromagnet  Lc 
effects  are  probably  the  least  known  of  all  the  major  effects  of 
near-surface  nuclear  weapon  detonations.  This  situation  has  ceme 
about  because  the  electromognetlc  ^enomenon  was  considered  to 
be  a  nuisance  effect  rather  than  a  weapons  effect  during  the 
early  series  of  full  scale  nuclear  detonations. 
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Consequently,  measures  were  taken  to  replace  the  damaged 
cables,  galvanometers^ and  other  equipmentj and  to  protect  in- 
sijifficlently  shielded  instruments  from  unwanted  signals.  No 
major  effort  was  formulated  to  investigate  the  electromagnetic 
phenomenon  and  evaluate  its  military  significance. 

Projects  have  subsequently  been  conducted  for  the  purpose 
of  measuring  the  magnetic  field  component  and  the  electric  field 
component  of  the  electromagnetic  field  from  nuclear  detonations. 
Additional  projects  were  conducted  during  Shot  Small  Boy  and 
other  contemporary  full-scale  operations  for  the  purpose  of 
verifying  previo  is  data  and  gi  .nlng  further  insight  into  the 
basic  nature  of  the  electromagnetic  pulse.  A  fundamental  goal 
of  the  basic  field  studies  was  to  formulate  empirical  and 
analj-tical  representations  as  a  function  of  distance,  time,  and 
yield. 

1.3  THEORY 

The  above  empirical  and  analytical  relationships  can  be 
used  in  a  theoretical  analysis  of  the  effects  of  the  electro¬ 
magnetic  pulse  on  equipment.  However,  the  need  existed  for  the 
conduct  of  an  experiment  to  determine  the  operational  re :ponse 
of  the  system  under  study  to  the  excitation  of  a  known  electro¬ 
magnetic  pulse  created  by  a  nuclear  detonation.  This  opportunity 
was  afforded  during  Shot  Small  Boy,  as  the  basic  electromagnetic 
field  was  being  measured  by  other  projects.  It  was  believed  tnat 
correlation  of  the  operational  data  derived  from  Project  7.5  with 
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correspo\ding  basic  electromagnetic  flelcl  data  determined  by  other 
proji-cts  vonld  result  In  (luartltatlve  Information  relevant  to 
theoretical  analysis  of  the  effects  of  the  electromagnetic  pulse 
on  electrical  power  systems^ which  would  In  turn  result  In  deter¬ 
mination  of  protective  techniques. 

The  basic  approach  followed  was  to  locate  a  typical  field 
army  electrical  power  system  at  sufficient  distance  from  ground 
zero  (GZ)  to  prevent  physical  damage  due  to  blast  and  thermal 
effects  and  to  monitor  the  perfoimance  of  selected  currents  and 
voltages  during  the  predetonation  steady-state  period,  during  the 
postdetonation  transient  period,  and  during  the  postdetonation 
steady -state  period.  The  engine -generator  set  schematic  diagram 
was  examined  to  determine  the  currents  and  voltages  to  be  monitored. 
Monitored  variables  were  chosen  to  result  in  a  definitive  record  of 


system  response  to  the  electromagnetic  pulse  and  to  pinpoint  the 
failure  mechanism.  Variables  chosen  reflected  generator  set  per¬ 
formance  with  regard  to  output,  excitation,  and  control.  Reference 
values  for  the  monitored  variables  were  established  during  the  pre- 
detonation  steady-state  period.  The  electrical  power  system  we" 
considered,  for  the  purpose  of  analysis,  to  be  a  physical  entity 
to  which  the  electromagnetic  pulse  l(t)  was  applied  as  shown  in 
Figure  1.1.  The  response  of  each  monitored  variable  Ri(t), 
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corresponding  reference  value. 


A  loop  antenna  was  designed  to  provide  a  zero-time 
reference  for  the  arrival  of  the  electromagnetic  pulse. 

Data  from  previous  experiments  (Reference  l)  indicated 
that  the  magnetic  field  intensity  It  and  the  derivative 
of  the  magnetic  field  intensity  wi.th  respect  to  time  ^ 
would  be  maximum  in  the  direction,  where  f  is  the 
aziiauthal  angle  of  the  spherical  coordinate  system  shown 
in  Figure  1.2  in  which  a  point  in  space  xs  specified  by  r 
(the  radial  distance  from  the  origin),  A  ..he  polar  angle), 
and  ^  (the  azimuthal  angle).  For  GZ  located  at  the  origin, 
the  point  ?2  corresponds  to  the  location  of  Project  7* 5* 

Tlae  polar  single  Q  is  approximately  equal  to  9^*  degrees, 
and  the  spherical  coordinate  system  of  Figure  1.2  can  be 
represented  by  the  polar  coordinate  system  of  Figure  1.3. 

The  loop  antenna  was  oriented  so  that  the  vector  normal 
to  its  area  coincided  with  the  unitary  base  vector  of 
Figure  1.3.  The  output  of  the  loop  antenna  was  predicted  by 
utilizing  Faraday's  Law  as  follows; 


13 


CONriDENTIAL 


contribution  of  Induced  voltage  and  currents  to  the  generator 
set  from  the  load  cable  and  was  believed  to  be  luusL  advantageous 
for  the  study  uf  the  response  of  the  entire  system. 

Due  to  stringent  deadlines  present  throughout  the  project 
prepeuratlon  period,  the  major  efforts  of  project  personnel 
were  necessarily  directed  toward  the  design,  development,  test- 
In,  and  field  Implementation  of  an  effective  experimental  system. 
However,  a  corresponding  analytical  program  was  considered 
essential  for  a  comprehensive  analysis  of  data  resulting  from 
this  experiment  and  a  quantitative  Investigation  of  the  field 
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army  electrical  power  jysten  electromagnetic  pulse  problem. 

This  analytical  program  was  Initiated  as  a  supplementary  portion 

of  this  experiment  and  is  being  continued  as  part  of  a  Nuclear  Weapons 

Effects  Research  Program  at  U.S.  Army  Engineer  Research  and  Develop¬ 
ment  Laboratories  (USAERDL). 

The  basic  goal  of  this  analytical  program  is  to  determine 
Uie  reapuiise  of  a  power  cable,  with  physical  and  electrical 
characteristics  typical  of  a  field  army  application,  to  the 
incident  electromagnetic  pulse.  The  problem  is  essentially 
that  of  the  interaction  of  a  transverse  magnetic  wave  with  « 
circular  cylindrical  conductor  embedded  in  dielectric  media. 

The  case  of  waves  that  are  predominantly  transverse  magnetic 
corresponds  to  the  important  problem  of  axial  current  in  the 
cylindrical  conductor  (Reference  j).  CJiaracteristlcs  of  the 
incident  wave  are  dependent  upon  experimental  data  obtained 
during  the  Small  Boy  shot  and  previous  nuclear  weapons  effects 
testing. 
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Figure  1.2  ^erlcal  coordinate  system. 
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CHAPTER  2 


PROCEDJRE 


2 . 1  OPEPATIONS 

The  project  layout  is  thown  in  Figures  2.1  through  2.3*  The 
field  array  electrical  power  system  consisted  of  a  45-kilowatt, 

400  cps,  engine -generator  set,  sufficient  resistive  and  reactive 
load  to  permit  system  operation  at  rated  load  and  rated  power 
factor,  and  two  120-foot  distribution  cables.  Upon  evacuation 
of  the  area,  the  generator  set  was  operating  at  rated  load  aiid 
rated  power  factor  from  the  auxiliary  fuel  source,  and  the 
Instrumentation  system  was  deenergized.  A  sequence  of  timing 
signals  delivered  by  hardwire  lines  was  used  to  activate  and 
control  the  performance  of  selected  control  circuitry  and  the 
generator  set  output  throughout  the  predetonation  period  and 
postdetonation  period  under  study.  Two  devices  were  used  to 
provide  fiducial  markers  on  the  oscillogram.  The  output  of  a 
loop  antenna  was  used  to  signify  arrival  of  the  electromagnetic 
pulse.  A  pressure-eensitlve  device  was  used  in  conjunction  with 
electrical  circuitry  to  provide  zero  time  reference  for  shock 
wave  arrival.  A  limit  switch  was  used  to  deactivate  the  instru¬ 
mentation  system  and  the  electrical  power  system  at  the  conclusion 
of  the  monitoring  period.  Recovery  of  data  consisted  of  removing 
the  oscillogram  from  the  oscillograph. 

2.2  INSTRUMEWTATION 

2.2.1  Equipment .  Sufficient  resistive  and  reactive  load  to 
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permit  system  operation  at  I'ateA  load  and  rated  power  factor, 
t.wo  TPO-foot,  28  conductor  distribution  cables,  and  a  45  kilowatt, 
400  cps  engine-generator  set, constituted  the  field  army  electrical 
povicr  system.  The  distribution  cables,  which  were  unshielded  and 
rubber  covered,  are  typical  of  those  used  In  field  army  electrical 
power  installations.  The  engine  generator  set  under  study  (which 
had  a  static  excitation  system  and  an  electric  load  sensing 
governor) Is  representative  of  those  currently  issued  for  use  by 
the  field  army  in  missile  complexes  and  other  applications  where 
precise  quality  electrical  power  is  required.  Signals  proportional 
to  the  monitored  variables  were  passed  through  a  plug  boeurd  located 
on  the  generator  set  and  transmitted  to  the  recording  circuitry'  by 
mians  of  a  transmission  line.  The  generator  set  and  associated 
instrumentation  are  shown  in  Figure  2.4.  The  generator  set 
schematic  diagram  is  shown  in  Figure  2.5.  In  order  to  prevent 
having  the  power  system  deenergized  by  a  re.latiirely  unimportant 
malfunction  during  the  period  of  unattended  operation,  the  emergency 
operation  switch  {SJ  in  Figure  2.5)  was  reversed.  This  bypassed  the 
relay  contacts  corresponding  to  the  fuel  pressure  (JT),  oil  pressvtre 
(op),  and  water  temperature  (WP)  protective  devices.  The  overspeed 
device  relay  contacts  (OS)  were  also  bypassed. 

Development  of  an  instrumentation  system  that  would  satisfac¬ 
torily  monitor  the  operation  of  the  field  army  electrical  power 
system  throughout  the  predetonation  steady-state  period,  the 
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poGt detonation  transient  period,  and  the  postdetonation  steady- 
state  perind  presented  many  ehallenclnir  prnhlerns .  Flptre  P  .6 
enntains  a  tloek  dia/rrcun  representation  of  I'e  Instrumentation 
system.  The  Initial  proeodure  in  Instrumentation  system  develop¬ 
ment  was  determination  of  the  required  characteristics  for  the 
recording  device,  about  which  the  system  was  designed. 

The  frequency  components  of  the  expected  signal,  the 
characteristics  of  the  electrical  power  system,  and  the  ambient 
environment  determined  the  following  required  characteristics 
for  the  recording  devices:  (l)  sufficient  recording  time  to 
allow  monitoring  of  predetonation  steaiy-state,  postdetonation 
transient,  and  postdetonation  steady-state  engine  generator 
•^et  performance  assicsing  the  Instrument  had  been  turned  on  pre¬ 
viously  by  a  timing  signal,  (2)  completely  self-powered  since 
power  lines  could  serve  as  source  antennas  to  introduce  unwanted 
signals  into  the  instrument,  (3)  capable  of  withstanding  and 
recordi’.ig  through  the  accelerating  forces  caused  by  the  passing 
shock  wave,  (k)  capable  of  simultaneously  recording  the  signals 
from  a  minimum  of  nineteen  signal  sources,  and  (5)  sufficient 
electromagnetic  shielding  so  that  the  If.rge  electric  field  could 
not  become  Impressed  directly  on  the  recording  circuitry.  The 
Consolidated  Electrodynamics  Corporation's  oscillograph  (Model  5- 
II9P450)  that  was  chosen  for  this  application  operates  at  a 
maximum  film  speed  of  160  in/sec  and  has  a  fifty-channel  recording 
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capacity.  This  type  of  recor<ier  has  been  vised  in  previous  .-hotc. 

The  special  shock  mount  will  withstand  accelerations  up  to  3g. 

Total  I'ecordliig  Lime  was  about  30  seconds  on  12-inch  film.  The 
choice  of  galvaiiuiiieters  Involved  a  compromise  between  frequency 
range  and  sensitivity.  The  galvanometers  (Consolidated  Klectro- 
dynaralcs  Corporation,  Type  7-326)  have  a  flat  frequency  range 
from  0-3000  cps  +  5  percent  and  a  system  voltage  sensitivity 
of  3.44  volts/ln.  These  characteristics  were  consistent  with 
the  signal  levels  and  frequency  components  to  be  measured  in  most 
cases.  In  some  circuits,  it  was  necessary  to  use  galvanometers 
with  greater  sensitivity  due  to  lov'  signal  levels. 

A  comprehensive  analysis  of  the  engine -generator  set  was 
conducted  to  determine  the  optimum  variables  to  be  monitored. 

Ihe  criterion  employed  throughout  the  above  analysis  was  that 
study  of  the  monitored  variables  must  result  in  a  definitive 
representation  of  engine -generatoi-  set  performance.  Signals 
proportional  to  the  monitored  variables  pass  through  various 
attenuation  and  damping  networks  to  the  galvanometers.  Resistance 
values  required  to  provide  proper  galvanometer  damping  were  calcu¬ 
lated  by  analyzing  the  output  Impedance  of  the  galvanometer  circuits. 
Balancing  techniques  were  employed  in  the  galvanometer  circuits  to 
discriminate  against  unwanted  signals. 

A  timing  oscillator  was  developed  to  provide  an  accurate 
time  refeience  on  the  oscillogram  for  use  in  analysis.  The 
Integral  oscillograph  timing  motor  was  Inadequate  due  to  in¬ 
accuracies  at  high  film  speed  caused  by  fluctuation  of  the 
supply  voltage. 
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Til*'  function  of  t!ie  noiiaiiiulur  uf  the  In&ti’UjneuttiLiuii 
sv^st  iu  was  to  control  the  recox’dlng  device  discussed  above. 

The  oscillograph  power  supply  consisted  of  an  Integral  direct 
current  power  supply,  an  Inverter,  and  on  autotransforraer  (for 
voltage  gain),  four  12 -volt,  h5 -ampere -hour  batteries  com¬ 
prised  the  direct  ciu-rent  supply.  In  order  to  provide  maximum 
hold  time  throughout  the  period  of  instrumentation  system 
activation,  the  generator  set  battery  charging  generator  main¬ 
tained  the  power  supply  batteries  in  a  state  of  maximum  charge 
until  this  circuic  was  opened  as  port  of  the  operational  segiience. 

A  loop  antenna  was  developed  to  provide  a  galvanometer 
deflection  that  was  a  zero  time  reference  for  the  arrival  of 
the  electromagnetic  pulse.  Twenty  turns  of  conductor  wore 
used  in  the  an Lcima^ which  wns  of  four-foot  diameter. 

Four  timing  signals  provided  by  hardwire  lines  were  util¬ 
ized  to  control  Insti-umentatlon  system  relays  which  performed 
switching  functions.  The  schematic  diagram  for  the  control 
relays  is  shown  in  Figxjre  2.7*  At  H-30  minutes,  the  oscillo¬ 
graph  was  activated  and  placed  in  the  power-on  mode  of  operation 
through  the  action  of  a  timing  signal.  This  warmup  time  was 
required  to  stabilize  the  galvanometer  block  temperatures  on 
the  oscillograph.  The  battery-charging  generator  was  dis¬ 
connected  by  a  timing  signal  at  H-30  seconds.  At  H-15  seconds, 
the  action  of  a  timing  signal  placed  the  oscillograph  in  the 
run  mode  of  operation.  A  timing  signal  at  H-5  seconds  was 
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used  to  activate  a  detonation  circuit  which  opened  the  external 
timing  lines  and  thus  placed  the  instrumentation  system  in 
completely  autonomous  operation.  Opening  the  external  lines 
was  necessary  to  prevent  system  Inputs  from  the  timing  lines, 
which  are  excellent  antennas  for  the  electromagnetic  pulse. 

The  canplete  operational  sequence  is  shown  in  Table  2.1. 

The  20-fcot-lcing  transmission  line  from  the  generator 
set  to  the  instrumentation  container  consisted  of  27  shielded 
conductor  pairs  with  tvo  additional  flexible  concentric  shield¬ 
ed  conductors.  The  outer  conductors  served  as  a  magnetic  shield 
and  provided  a  better-than-98-percent  shielding  factor  against 
static  magnetic  fields.  The  shielding  factor  against  electro¬ 
magnetic  fields  was  considerably  better  and  increased  with 
frequency. 

The  oscillograph,  with  its  associated  power  supply  and 
control  circuitry,  was  mounted  in  an  aluminum  lnci05iu:e,  which 
formed  a  cube  approximately  3  feet  on  each  side.  The  inclosiu:e 
was  hinged  at  one  end  and  could  be  opened  to  provide  easy  access 
for  servicing.  A  double  mumetal  shield  of  31-inll  thickness  com¬ 
pletely  surrounded  this  package  and  was  separated  from  it  by  a 
layer  of  felt  on  all  sides  and  bottom.  An  exterior  shielding 
box  of  l/8-lnoh  Armco  iron  with  interior  dimensions  of  42  by 
43  by  30  inches  currounded  the  mumetal  shield^  and  a  laj'cr  of 
compressed  felt  separated  the  two.  The  Instrumentation  package 
is  shown  in  Figure  2.8,>:ith  the  outer  and  inner  doors  opened. 
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The  calculated  electromagnetic  shielding  factor  of  the  three - 

box  acGcmbl,y  T'cr?  at  1,000  cps.  While  this  may  appear  to 

have  been  over -designed,  it  must  be  remembered  Uiat,  due  to 

the  high  wave  impedance  of  the  near  field,  the  electric  field 

4  / 

was  predicted  to  have  a  value  of  approximately  10  v/m;  a 
shielding  factor  of  10^*^  would  reduce  this  to  1.0^  v/m,  which 
was  considered  acceptable. 

The  transmission  line  was  connected  by  quick-break 
connectors  to  the  aluminum  box.  The  aluminum  inclosure  could 
be  pulled  out  through  the  top  opening  of  the  shielding  boxes 
to  gain  access  to  the  oscillograph  for  servicing. 

2.2.2  Calibration.  Calibration  was  performed  before 
installation  of  the  station  in  order  to  obtain  magnitudes  of 
the  reference  values  of  the  monitored  variables.  Since  the 
characteristics  of  the  galvanometers  were  known,  the  magnitude 
of  the  variation  of  each  variable  durl.ig  the  tr-tacient  period 
could  be  calculated  as  follows: 

e(t)  =  (s)(d){x)  (2.1) 

Where: 

e(t)  =  magnitude  of  variable  at  any  time  t,  units 
s  =  galvanometer  voltage  sensitivity,  volts/inch 
d  =  amount  of  deflection.  Inches 

X  =  calibration  constant,  units/volt 
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2.2.3  Method  of  Installation  and  Recovery.  Tlie  recorder 
boxes  had  to  be  protected  from  the  effects  of  overpressure, 
and  although  the  oscillograph  was  capable  of  operating  imder 
the  anticipated  acceleration,  It  was  desirable  to  reduce  le 
shock  to  a  minimum  by  a  suitable  shock  mount.  Furthermore, 
the  electronic  circuits  had  to  be  protecttu  fmm  neutron  and 
gamma  radiation,  since  the  former  would  (Lunage  components  as 
well  as  induce  gamma  radiation  by  captui-e  processes  in  some 
of  the  materials  used  (making  recovery  more  difficult),  and 
the  latter  would  be  the  equivalent  of  a  flow  of  charge  that 
would  create  unwanted  signals  within  the  instrumentation. 

Subsurface  Installations  were  therefore  planned,  and 
calculations  were  made  to  determine  the  depth  necessary  to 
protect  the  instrument  from  the  above  mentioned  environments. 
The  pit  measured  approximately  7  feet  to  the  surface.  To 
accommodate  the  instrumentation  box,  the  pit  was  5  feet  square. 
For  best  results,  ths  entire  space  above  the  instrumentation 
should  have  been  filled  with  soil;  this,  however,  would  have 
Introduced  a  serious  recovery  problem.  Instead,  sandbags 
grouped  together  were  used  as  the  cover,  and  care  was  taken 
not  to  leava  large  voids  through  vrtilch  neutron  leakage  could 
occur. 

A  cross-sectional  drawing  of  the  station  is  shown  in 
Figure  2. 9^ with  dimensions  as  shown.  The  instrument  box  is 
shown  on  the  bottom,  supported  by  a  polyurethane -plywood  send- 
wich.  A  wooden  platform,  which  rested  on  the  shelf  shown  in 
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Figure  2.9>  was  constructed  to  accommodate  the  sandba{;s  and 
facilitate  placement  £u*i  removal.  The  transmission  line  was 


placed  through  openings  in  the  layers  of  sandbags  and  extended 
up  to  the  distribution  panel  on  the  generator  set. 


I 
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TABLE  2.1  OPHEATIOHAL  SEQUajCE 


TIME 


OPERATION 


Minus  30  minutes 


Minus  30  seconds 


Minus  seconds 

Minus  5  seconds 


Flius  seconds 


Timing  signal  relay  closed. 
Oscillograph  placed  In  power- 
status  . 


Timing  signal  relay  opened. 
Battery  charging  generator 
circuit  opened. 

Timing  signal  relay  closed. 
Oscillograph  placed  in  r<jn 
status  (began  recording). 

Timing  signal  relay  closed. 
Timing  signal  external  lines 
opened. 

Limit  switch  on  film  drum 
opened.  Oscillograph  and 
generator  set  de-actlvated. 
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igure  2.1  Project  layout. 
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Figure  2.4  Power  generation  unit  anH  associateH  Instrumentation. 
(USAERDL  photo) 
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'e  2.6  Instrumentation  system  block  diagram. 
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Control  relay  schematic  diagram. 


( 


Figur?  2 


.8  Instrumentation  package,  (USAERDL  photo) 
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CHAPTER  3 


RR'lUIiTS 


3.1  DATA  PRESENTATION 

Twenty  channels  of  a  50-channel  recording  oscillograph  were 
used  to  record  the  data  for  this  experiment.  Two  input  cheinnels 
were  used  to  provide  zero  time  reference  for  the  arrival  of  the 
electromagnetic  pulse  and  the  pressure  wave,  respectively.  One 
input  channel  was  utilized  for  the  timing  oscillatoj^  wliich  pro¬ 
vided  an  accurate  timing  reference.  Seventeen  input  channels 
were  used  to  monitor  the  performance  of  selected  variables. 

These  variables  and  the  recording  technique  had  been  chosen  to 
present  a  complete  record  of  engine -generator  set  performance 
during  the  period  from  minus  15  seconds  to  plus  I5  seconds  and 
to  pinpoint  the  failure  mechanism.  The  variables  can  be 
conveniently  grouped  into  the  following  categories:  output, 
excitation,  and  control. 

Output  variables  included  line  currents  as  sampled  with 
sh\mts  located  directly  in  the  respective  lines,  line  currents 
as  measured  with  current  transformers,  phase  voltages,  power 
output  as  deteimlned  by  computing  circuits  that  provided  the 
input  to  the  kilowatt  meter,  and  frequency  as  determined  by  the 
frequency  converter  that  provided  the  input  to  the  frequency  meter. 

Because  the  generator  set  under  study  h>id  a  static  excitation 
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system  In  which  the  excitation  was  provided  by  feedback  and 
rectification  of  a  portion  of  the  output  signal,  excitation 
performance  was  represented  by  studying  merely  the  generator 
field  current  and  field  voltage. 

Three  Important  currents  within  the  electric  load  sensing 
governor  and  the  current  at  an  informative  location  in  the 
voltage  regulator  circuitry  canprised  the  control  variables. 

The  relative  position  of  the  oscillogram  trace  corresponding 
to  each  variable  was  consistent  with  the  above  grouping.  Table 

3.1  contains  a  summary  of  the  information  displayed  on  each 
active  channel  of  the  oscillograph  and  the  associated  calibration 
data. 

3.2  DISCUSSION  OF  DATA 

The  data  were  successfully  recovered  from  the  test  ln8''alla- 
tlon.  From  preliminary  analysis  of  the  data,  it  has  been  deter¬ 
mined  that  the  Instrumentation  system  functioned  p'.'operly.  Tlie 
performance  of  the  generator  set  during  the  time  interval  from 
minus  1^  seconds  until  zero  time  Is  demonstrated  by  the  oscillo¬ 
gram  shown  In  Figure  3.1«  These  data  ai-e  conslsLeiiL  with  other 
oscillograms  recorded  under  Identical  conditions  of  steady-state 
operation  at  rated  load  and  power  factor.  In  the  time  Immediately 
following  the  arrival  of  the  electromagnetic  pulse,  the  generator 
set  underwent  transient  behavior  and  was  shut  down.  Although  the 
data  were  suitable  for  analysis,  portions  of  the  oscillogram  did 
not  result  in  the  quality  of  data  that  had  been  obtained  during 
test  runs  under  similar  conditions.  It  Is  believed  that  the  lack 
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of  quality  was  caused  by  subjection  of  the  film  to  higher 
temperatures  than  anticipated  during  the  extensive  period  when 
the  project  was  buttnned-up. 

Project  equipment  was  returned  to  USAERDL  following  decon¬ 
tamination.  I/iborator;/'  experimentation  and  data  analyses  have  been 
conducted  to  investigate  the  failure  mechanism.  In  order  to  prevent 
hawing  the  electrical  power  system  shut  dovm  by  a  relatively  minor 
deviation  from  normal  operating  conditions  during  the  period  of 
unattended  system  operation  after  evacuation  of  the  area,  end  iu 
order  to  obtain  maximum  Infoimation  from  the  experiment,  the  /ater 
temperature,  oil  pressure,  fuel  pressure,  and  overspeed  protective 
devices  and  the  circuit  intermpter  had  been  by-passed  for  the 
experiment.  Consequently,  the  number  of  ways  in  which  the  elec¬ 
trical  power  system  coxild  have  been  shut  down  was  very  limited. 

A  detailed  physical  examination  of  the  generator  set  revealed 
that  a  30-ampcrc  fuse  lirJ:  was  blown,  'fhis  fuze  was  located  in 
series  with  those  conductors  of  the  So-conduct' )r  ;abl : 
supply  direct-currant  control  potential  tt  the  load.  Further 
analysis  of  the  oscillogram  and  the  generator  set  schc’iat'.c  diagram 
resulted  In  a  postulation  for  the  failure  mechanism.  The  theory 
postulated  was  that  a  current  pulse  was  introauc/i  in^o  ifi  ■  direct- 
current  control  circuitry  such  that  control  potential  to  relay  KI 
in  figure  2.5  was  modified  sufficiently  for  con*-e?ty  to  opou. 

Op.;  I'.uj  -)f  •; )  /J.  7-  .!.d  result  in  loss  of  potential  to  the 

fuel  solenoid  (FG)^ which  would  result  in  deactivation  of  the 
generator  set.  In  order  to  investigate  the  feasibility  of  this 
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failure  mechanism  theory,  laboratory  testing  \r&s  conducted  to 
determine  the  circuit  interruption  time  required  to  result  in 
the  opening  of  contacts  Kl.  The  schematic  diagram  for  this 
Investigation  is  shovm  in  Figure  3 >2.  The  minimum  Interruption 
time  thet  would  result  in  the  opening  of  contacts  Kl  was  1.3 
milliseconds. 

The  next  step  in  the  investigation  of  this  failure  mechjinism 
theory  was  to  repeat  the  study  of  the  response  of  relay  Kl  to 
transient  control  potential  Interruption  under  the  conditions  of 
power  system  operation.  The  findings  were  identical;  the  minimum 
Interruption  time  that  resulted  in  the  opening  of  contacts  Kl  sad 
the  subsequent  deactivation  of  the  generator  set  was  found  to  be 
1.3  milliseconds.  Furthermore,  when  the  instrumentaticn  system 
was  used  to  record  power-system  perfomance  during  the  control 
circuit  Interruption  test,  the  resulting  oscillogram  was  Identical 
lo  LhaL  obiained  during  the  Small  Boy  experiment.  From  this  result, 
it  was  concluded  that  the  basic  postulation  regarding  the  failure 
mechanism  was  correct. 

At  this  point  in  the  postshot  Investigations,  it  had  been 
determined  that  the  failure  mechanism  was  equivalent  to  the  loss 
of  control  potential  to  relay  Kl  for  1.3  milliseconds.  The  next 
step  in  the  investigation  was  directed  toward  determination  of  the 
characteristics  of  a  current  pulse  Introduced  by  the  cable  that 
would  result  in  the  required  loss  of  control  potential. 
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A  series  of  tests  on  a  laboratoi*y  scale  was  devised  to 
further  advance  tlie  understanding  of  the  postulated  shut-dov.n 
mechanism,  'fhe  schematic  diagram  for  the  laboratory  Investiga¬ 
tion  technique  Is  showji  In  Figure  3«3»  A  ^00-Joule,  20-kv 
capacitor  vas  discharged  into  the  direct -current  control  circuitry 
and  the  transient  voltage  v(t)  wn.n  observed  on  a  hlgh-perslstence 
oscilloscope.  The  series  resistor  was  used  to  operate  on  wave 
shape.  Pai-ameters  for  this  Investigation  were  ,  the  Initial 
voltage  on  the  capacitor,  and  R,  the  series  resistor.  Wave  shape 
of  the  current  pulse  was  largely  a  function  of  the  energy  source 
parameters  because  the  Impedance  offered  by  the  lead-acid  batteries 
was  much  less  than  the  series  resistance  required  for  proper  wave 
shaping.  Lower  voltage  discharge  measurements  were  accomplished. 

It  was  observed  that  introduction  of  the  current  pulse  into  the 
control  circuitry  resulted  In  the  expected  type  of  transient  in 
voltage  v(t).  A  typical  transient  waveform  for  v(t)  Is  shown  In 
Figure  3.4.  However,  due  to  the  relative  msgnltude  of  the  control 
circuitry  Input  Impedance  and  the  series  resistance  required  for 
proper  wave-shaping,  approximately  80^v  Initial  voltage  would  be 
required  for  adequate  current  pulse  to  lo\er  v(t)  sufficiently  to 
Investigate  the  failure  mechanism  theory.  Due  to  the  Inconvenience 
of  conducting  this  experimentation  at  an  dO-kv  voltage  level,  an 
analog  of  the  sy  'm  was  examined. 

Tlie  equivalent  circuit  shown  In  Figure  3-5  was  representa¬ 
tive  of  the  direct -current  control  circuitry.  R^.  and  were 
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'.h.'  ('Oil  and  coll  inductance  of  relay  Kl.  'Hit  either 

branch  wa;'.  a  net.wrirk  renrcReritation  o*”  the  lead  acid  batter;/ 

(lioforence  It)-  Other  parallel  branches  were  considered  negligible. 

Tti  pui-posc  of  this  analysis  was  to  determine  the  Ht)  correspond¬ 
ing  to  the  v(t)  required  to  result  in  the  postulated  failure 
:rifc!ianlsm.  For  the  purpose  of  this  analysis,  v(t)  was  assumed 
to  DC  the  first  half  cycle  of  a  negative  sine  wave  which  would 
decrease  the  relay  potential  below  the  drop-out  potential  for 
1.3  milliseconds.  The  following  equations  for  the  solution  of 
l(t)  were  formulated  by  nodal  circuit  euialysis: 

L^iyiCt)  +  (Rj^  Lj^)  pl(t)  +  R^^R^i(t)+(L^+L^)pv(t)+(R^+R^)  v(t) 

-l-c  PV,  (t)  -  R^  V,  (t)  =  0 

R^CL^P^  v,(t)  +  (R;^CR^^+L^)  P^i(t)  +  (R^+Rb)vt{t)  -R^  v(t)  =  0 

where  p  =  is  the  Heaviside  operator.  Development  of  these 
equations  and  the  details  of  the  analog  program  are  further 
fxpinincd  in  the  Appendix,  The  solution  for  l(t)  is  shown  in 
Figure  3  -  6. 

An  analytical  solution  for  the  current  pulse  required  for  the 
postulated  failure  mechanism  was  acconplished  to  verify  the 
analog  computer  solution.  The  simplified  equivalent  circuit  used 
in  this  analysis  is  shown  in  Figure  3.^.  As  In  the  analog  analysis, 
v(t)  was  assumed  to  be  the  first  half  cycle  of  a  negative  sine  wave 
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which  would  decrease  the  relay  potential  below  the  drop-out 
potential  for  1.3  mllllsecondE .  The  following  equation  I'or 
i(t)  was  developed  by  electrical  network  analysis; 

l(t)=u(t)  [^58.9  exp(-65t)-739  exp(-7935+ )-38?5  8ln(l6l0t  -10 


+u(t 


-  I?iO~r{58.9  exp[.65(t-  -739  exp  [-7935(t. 

-3625  sin  ^l6i0(t  -  -10.Q'’J^ 


Details  of  the  analytical  solution  are  shown  in  the  Appendix . 

The  solution  for  l(t)  was  Identical  to  that 
obtained  from  the  analog  computer  analysis  and  is  shown  In 
Figure  3.b«  The  peak  value  of  l(t)  as  determined  from  the 
digital  coB^uter  readout  was  3^70  amperes. 
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TABLE  3.1  PiJMMARY  OF  OSCILTOOPAI-'  VAilLABLES  AM)  CALIBRATION  DATA 


Oscillogram 

Trace 

Variable 

Variable 

Group. 

Direct  Current 
Deflection  Level 
(  indies  ) 

Calibration 

Factor 

1,2,3 

Line  Currents 
(Shunt  Measurements) 

Output 

0 

2^6  amp/ln 

^,5,6 

Phase  Vollageb 

Output 

0 

167  v/in 

7,8,9 

Line  Currents 

Output 

0 

183  amp/ln 

(Current  Transformer 
Measurement ) 


10 

aiiovatt  Monitor 

output 

0 

2.0  ma/in 

11 

Frequency  Current 

Output 

2.60 

38.5  m  a/ln 
(dc) 

12 

Field  Current 

Excitation 

1.12 

23.2  amp/ln 
(do) 

13 

Field  Voltage 

Exclluiluu 

2.34 

22.2  v/in 
(dc) 

14 

Voltage  Regulator 

Control 

1.46 

0.686  amp/in 
(do) 

15 

Governor 

Control 

0.C7 

62.3  mti/lu 
(dc) 

16 

Governor  Frequency 

Control 

0.40 

1^.48  ma/ln 
(dc) 

17 

Governor  Solenoid 

Control 

2.32 

215.5  mn/ln 

(dc) 

18 

Electromagnetic 

Fiducial 

0 

n/a 

Pulse  Arrival 

Marter 

1? 

Preeenre  Wave 

Fiducial 

0 

n/a 

Arrival 

Maricer 

20 

Timing  Reference 

Fiducial 

Marker 

0 

n/a 
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FiKure  3.1  Oaclllocram  of  predetonation  ateady-aUte  performance. 

44 


CONFIDENTIAL 


HIGH 


Figure  3.2  Schematic  diagram  for  laboratory  investigation 
of  relay  response  to  circuit  intern4>tion. 
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Figure  3.3  Schematic  diagram  for  pulse 
testing  of  control  circuitry. 


T(t) 


Figure  3.4  Typical  waveforms  for  v(t) 
obtained  during  laboratory  tests. 
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▼(t)  -  0,  t  *  0,  t  >  VA.61»Io3 

Ht)  •  30  £.1j:i{:.61«  10-’)t  Oi  i  6T(A.61ji103 

Lj,  ■  lo”^  henry  ^*b  “  ®  (10)“^  ohm 

Lg  “  0.52  henry  ^  (10)“^  ohm 


Rg  •  2?S  ohms 


C  •  5  farads 


FlRure  3.5  Equlvaleal  cU'cull  fur  ana),  jg  cuiuputer 
analysis  and  transient  circuit  analyses. 

i(t)  v(t) 


ai<5>s  volts 


Figure  3.6  Solution  for  l(t)  as  determined 
by  analog  computer  and  transient  analyses. 
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CHAPTER  4 


CONCLUSIONS 

The  transient  onvironiacnt  to  which  the  electrical  power  system 
was  subjected  as  a  result  of  the  nuclear  detonation  was  very  ccxnpll- 
cated^and  a  quiuitltatlve  analysis  of  the  response  of  the  sys+sm  to 
this  transient  environment  was  not  a  straightforward  process. 

From  the  test  results  and  the  postshot  laboratory  e)ci»erlmentatlon 
and  analyses,  it  was  concluded  that  shut  down  of  the  electrical 
power  system  was  caused  by  the  opening  of  relay  contacts  K1  by  a 
combination  of  effects  such  as  pi-ompt  radiation,  interaction  of 
the  transient  magnetic  field  with  the  magnetic  field  of  the  relay, 
and  cui'renta  induced  in  the  disLribuLiou  cables  by  the  electro¬ 
magnetic  environment  of  which  the  latter  was  concluded  to  be  the 
major  contributing  factor.  From  the  laboratory  experimentation 
and  analyses  conducted  in  conjunction  with  this  report,  it  was 
concluded  that  if  Induced  currents  in  the  distribution  cables  were 
the  only  cause  of  power  system  shut  down,  a  current  pulse  of 
approximately  3^70  amperes  maximum  would  be  re(iuired.  Hils 
experiment  has  demonstrated  that  field  army  electrical  power 
systems  are  vulnerable  to  electromagnetic  effects  of  nucleer 
detonations.  Results  of  this  experiment  will  be  applied  to  a 
related  Nuclear  Weapons  Effects  Research  program  at  USAERD]!. 
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APPENDIX 


ANALYTICAL  AND  ANALOG  COMPUTER  DEVEI.OPMENTS 
FOR  CURRENT  PULSE  CHARACTERISTICS 
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ANAi.06  COMPurKit  Of vetOAMCAIT  POP  CUPOtMT  PUtS  id' 


Its  TICS 
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717  9SA  HASHlMC.rrai  AffN  CX  lOVAAOS 

7I«  F4FS*SA44fA  cm**  ALiuCUfROUC  A774  FLANAGAN 
7U  rLr^.SnROIA  CORF  ACRwOUCROUC  4774  IAH40U«fLIS 
719  FAFS*SAMA|a  CnRA  *tFu(AU€40Uf  AT7N  (ASLCV 
7IA  F«fS*<.ANMA  'iPtP  ‘OiilROUf  4774  COOA 
7|t  sTAllF<)Af>  orS  tNS7  n,  .  PARA  .  A  IF  AT74  OOC  CJS7  F* 
214  CAI  IF  IASI  OF  IICH  FASAIN  4*  AHN  LMWISIV 
719  U9  AFO  SURVrv  DCHVIR  A774  FLACf 
770  CMIFF  OASA  •AShINATOM  FOR  AWRl  FUG 
711  CMIFA  NASA  RASNINA70N  FOR  MIN  OF  AVIATICN  (NQ 
777  SRACf  TFCM  LAN  VASMtNCTCN  4774  SLISSHOL7 
779  mmtmtKrn  COOF  CORF  RASHI40TON  A774  0  3(LL 
774  All  ffCH  cmF  CANMIOGT  MASS  4774  CLAFF 
779  0  IF  0A4  FI0GF*FAST1R 
774-299  07  IF  OAR  R|(N>I  SLMFLJS 
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